We demonstrate the confinement of broadband optical energy in the visible to near-infrared regime in a threedimensional nanoscale volume with high energy efficiency in a nanostructure consisting of multiple nanoslits in dielectric chacolgenide material. We find that a broadband optical field can be confined down to the scale of 1 nm (λ∕650) with a confinement volume of λ 3 ∕3 × 10 4 . The figure of merit of the nanostructure can be up to 10 times that achieved by plasmonic lensing and nanofocusing. Our work opens a new way for truly nanoscaled photonics applicable to nanolithograpy, nanoimaging, lab-on-chip nanosensing, single-molecule detection, and nanospectroscopy.
INTRODUCTION
According to the conventional mechanism for focusing light, even for the vectorial theory for high numerical aperture (NA) objective lenses [1, 2] , the focal spot of an optical beam cannot be significantly smaller than its wavelength due to the diffraction nature of light. The figure of merit (FOM), defined as the ratio between energy confinement efficiency and effective confinement area [Eq. (4)], is depicted in Fig. 1 (a) for a lens (black solid curve). Subwavelength imaging has been achieved in stimulated-emission-depletion (STED) microscopy [3] . This method is of great importance in nanoimaging, although nanoscale resolution is not achieved by the nanoconfinement of the illumination light energy. On the other hand, plasmonic lenses can focus surface plasmon polaritons (SPPs) in the near-field region with subwavelength resolution but have low energy confinement efficiency and thus a low FOM [ Fig. 1(a) ] [4] [5] [6] [7] [8] . Optical resolution and energy confinement can be improved through the use of the nanofocusing technique [9] [10] [11] [12] [13] to two-dimensionally (2D) confine the SPP energy between metallic components. This method, however, suffers from high optical loss due to the lossy nature of metal, in particular in the visible and near-infrared (NIR) regions. Furthermore, this method faces a great challenge set by the confinement-attenuation trade-off [14] , which limits the FOM [ Fig. 1(a) ] of SPP nanofocusing even for well-fabricated structures. In addition, the narrow bandwidth of metal-based design prevents them from a range of applications requiring a broad spectrum such as nanospectroscopy [15] . Consequently, a fundamentally new photonic nanoconfinement scheme is needed for realizing highly efficient three-dimensional (3D) broadband optical confinement at a deep subwavelength scale without using metal.
In this paper, based on the dielectric chalcogenide glass (ChG) materials, we report on a tunable nanostructure capable of deep subwavelength confinement in three dimensions with high energy confinement efficiency up to 60% in the visible regime. The effective confinement area of the nanostructure can be concentrated to 3 × 10 3 times smaller than λ 2 of the incident beam [solid red curve in Fig. 1(a) ], with an FOM several orders of magnitude higher than those of plasmonic lenses [4] [5] [6] [7] [8] and 10 times that of SPP nanofocusing [9] [10] [11] [12] [13] . Moreover, by tuning the refractive index of the ChG composition and photosensitivity [16, 17] , we can tune the enhancement peak from 520 to 760 nm while still maintaining strong energy confinement.
THEORETICAL MODELING
The 3D design of the dielectric nanostructure shown in Fig. 1(b) consists of three low-index (n s 1) nanoslits embedded in a high-index (n c 2.5) dielectric ChG block material, while the background material has a refractive index of n b 1. The ChG materials possess of a broad transmission wavelength window from the visible to NIR region [17] . In addition, ChG is sensitive to light illumination, whose index can be modulated by using light-induced phase change [16] . In this design, optical energy is confined in the central low-index nanoslit between the two high-index dielectric nanoridges [ Fig. 1(b) ]. The novelty of this geometry lies in that the photonic nanostructure uses an all-dielectric design to achieve optical energy confinement with higher energy confinement efficiency than the metal-based design. In addition, the finite-sized nanoslits also provide physical cavities for holding nanoparticles and single molecules in photochemistry experiments in an ultrasmall volume. Furthermore, the broadband property and the tunability of this design makes it an excellent platform for nanospectroscopic research.
In this study, the incident continuous-wave (CW) broadband optical plane waves polarizing in the x direction (TM mode) illuminate the nanostructure from the bottom. The wavelength range of the CW plane waves was from 0.5 to 1.5 μm in free space, and 400 discrete wavelength points were considered. The eigenmodes of the nanostructure can be formed due to the interaction between the eigenmodes within the individual nanoridges of width w and length L. Their values are selected to be w 140 nm and L 500 nm according to the experiment [18] . Then the width (s) and the depth (d) of the nanoslits are varied to study the effective confinement area A eff [Eq. The effective confinement area A eff is defined in the peak energy density plane normal to the beam propagation direction (x-y plane, light is propagating along the z direction) where z z f . Here we define A eff as
where x 0 and y 0 are the full width at half-maximum (FWHM) for the energy density distribution along the x (y 0, z z f ) and y (x 0, z z f ) directions. The effective confinement volume V eff is defined as
where z 0 is the FWHM of the energy density distribution along the z direction (x 0, y 0). A eff and V eff are normalized by λ 2 and λ 3 . λ is the free space wavelength of the incident wave. The energy confinement efficiency η is defined as the ratio of the total electromagnetic energy in effective confinement area A eff in the peak energy density plane and the total incident electromagnetic energy in the incident plane where z z in :
where W x; y; z ε Ex; y; z 2 μ 0 jHx; y; zj 2 ∕2 is the energy density and A 0 500 nm 2 is the structure area of the nanostructure from the experiment [18] . As we use the uniform plane wave as the light source, W x; y; z in W 0 are equal across the incident plane, where W 0 is the energy density in the incident plane. Then we define the normalized energy density (enhancement) as W x; y; z∕W 0 .
To judge the performance of the light confinement (focusing) devices, we shall emphasize that both the effective confinement area and the energy confinement efficiency are important and related. Normally deep subwavelength confinement leads to low energy confinement efficiency. As indicated before, we describe this trade-off by a parameter called the FOM, which is defined as
This FOM characterizes the energy confinement efficiency under a given effective confinement area, which is a meaningful measure of the ability of confining light energy.
RESULTS AND DISCUSSION
The dependences of A eff , η and FOM on s and d are shown in Figs. 2(a)-2(c). In the simulations, the domain size is 4 μm in the x and y directions and 6 μm in the z direction with a mesh grid of 0.1 nm, and the boundary condition is set to be a perfectly matched layer (PML). The mechanism for optical confinement in the nanostructure results from the mode coupling (coupling efficiency is 93%) [20, 21] , which depends on the depth of the nanoslits. The effective refractive index for the [4] , solid square [5] , hollow circle [6] , solid circle [7] , hollow triangle [8] , solid triangle [8] ) and nanofocusing (hollow pentagon [10] , solid pentagon [11] , hollow diamond [12] , solid diamond [13] ). The gray area marks the diffraction-limited. The curve of the FOM for the nanostructure is calculated when d 250 nm and s varies in the range from 1 to 100 nm. (b) Schematic of the nanostructure. Three low-index nanoslits are embedded in the high-index ChG block. n c is the refractive index of the ChG block, and n s is the refractive index of the nanoslits. The refractive index of the background is n b . L, s, and d are the length, width, and depth of the nanoslits, respectively. w is the width of the nanoridges. Inset: 2D cross section of the nanostructure.
mode at 650 nm calculated by using a commercially available finite-element package from COMSOL [22] is 2.03, which results in an effective wavelength of 320 nm of the mode propagating in the nanoridges, corresponding to a critical transformation length of 160 nm (half of the effective wavelength) as marked by the white-dashed line in Fig. 2 with the energy density enhancement up to two orders of magnitude and a moderate energy confinement efficiency of 17.5%, which is impossible for any metal-based nanofocusing design in which a SPP wave travels through a length of several wavelengths for deep subwavelength confinement [13] . The proportion of the mode energy residing within the nanoslit can be maximized up to 60% for s 100 nm when d 250 nm [ Fig. 2(b) ]. The strong energy confinement in the x-y plane in the nanoslit region occurs for two reasons. First, it arises from the continuity of the displacement field D at the material interfaces [21, 22] , which leads to a strong normal E-field component in the nanoslit. Second, in both nanoridges, the E-field components normal to the material interfaces are dominant, boosting the effect. Therefore, pure linearly polarized vectorial beams can be achieved in the central nanoslit, which can be quantified using the FOM. As shown by the red curve in Fig. 1(a) , the FOM of the nanostructure can be up to 5 × 10 4 , which is 10 times the best values of the nanofocusing design [12] .
The energy confinement principle is further confirmed by resolving the E-field energy density in more detail. The field is confined between two high-index nanoridges [ Fig. 3(a) ] due to the E-field discontinuity in the x direction [21, 22] . Meanwhile, the confinement in the y direction can be achieved simultaneously [ Fig. 3(b) ]. On the other hand, the confinement in the z direction is achieved [ Fig. 3(c) ] via the interference of light propagating in the positive z direction and the light reflecting at the ChG-air interface. The FWHM in the z direction increases as the depth of the nanoslits becomes large, accompanied with an enhancement in the E-field energy density. To confirm its broadband nature, we look into the spectral property of the nanostructure. There are two broad enhancement peaks at wavelengths of 650 and 1140 nm in the spectral range for n c 2.5 [ Fig. 4(a) ], and the mode in the nanoslits does not experience any significant cutoff within this region. Due to the broadband properties of the nanostructure, the calculated Q factor is approximately 1.5 in this case. For the wavelength shorter than 550 nm, strong confinement cannot be achieved because major parts of the optical energy are confined in the high-index nanoridges. For the wavelength longer than 1.4 μm, the modes are no longer be supported by the nanoridges.
The refractive index of the ChG block can be varied within a range of 2-3 by using different compositions [17] or lightinduced phase change [16] , which allows tuning of the enhancement and peak positions. As can be seen, the enhancement can be up to 100 as the index goes up to 3. The two enhancement peaks show the red shift with the increase of the refractive index, while the effective confinement area remains unchanged because the effective confinement area mainly depends on the geometry of the nanostructure. Meanwhile, the energy confinement efficiency becomes higher due to the stronger field enhancement in the nanoslit, which leads to an increase of the FOM. Define the tunability of the nanostructure as
where Δλ is the wavelength shift, and Δnc is the change of the ChG index; we have t 1 232 8 nm∕RIU for peak 1 and t 2 409 3 nm∕RIU for peak 2. Another method for tuning the enhancement is to fill the nanoslits with other nanomaterials, which may be applicable in nanospectroscopy [15] . In this case, the enhancement of the two peaks of the nanostructure can be varied significantly while the position of the peaks remains almost unchanged (Fig. 5 ).
CONCLUSION
In summary, we have demonstrated an all-dielectric photonic nanostructure design for 3D deep subwavelength light confinement with high energy efficiency by using multiple nanoslits embedded in ChG block material, which is able to confine the optical energy in a 1 nm (λ∕650) nanoslit to achieve an effective confinement area of λ 2 ∕3 × 10 3 with 17.5% energy confinement efficiency. The effective confinement area as well as the energy confinement efficiency and the FOM of the confined mode can be controlled by altering the width and the depth of the nanoslits. This approach is fully compatible with microlithography techniques and self-assembly methods [23] and laser-beam nanofabrication [18, 24] , which can be applied to nanoscale sensing and spectroscopy as well as single-molecule detection and near-field optical imaging with nanoscale illumination [25] . 
